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E-mail addresses: xzhong@wyeth.com, xiaotian_zhAdvances in genomics and proteomics have generated the needs for the efﬁcient identiﬁcation of
key residues for structure and function of target proteins. Here we report the utilization of a new
residue-screening approach, which combines a mammalian high-throughput transient expression
system with a PCR-based expression cassette, for the study of the post-translational modiﬁcation.
Applying this approach results in a quick identiﬁcation of essential N-glycosylation sites of a heavily
glycosylated neuroglycoprotein Lingo-1, which are sufﬁcient for the support of its surface expres-
sion. These key N-glycosylated sites uniquely locate on the concave surface of the elongated arc-
shape structure of the leucine-rich repeat domain. The swift residue-screening approach may pro-
vide a new strategy for structural and functional analysis.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
In the post-genomic era, the availability of thousands of mam-
malian genes has generated a need for efﬁciently identifying key
residues of encoded gene products for their structure and function.
Traditional residue screening methods involve steps of DNA clon-
ing and plasmid isolation, and the number of mutants screened
is limited by the time and the expense. In vitro transcription and
translation with linear polymerase chain reaction (PCR) expression
elements can generate different protein constructs in a high-
throughput fashion by utilizing bacterial phage RNA polymerases
and cell extracts from prokaryotic cells [1] or eukaryotic cells [2].
However, since many mammalian proteins undergo extensive
post-translational modiﬁcations, especially for those passing
through the secretory pathways, the signiﬁcant differences be-
tween in vitro and in vivo expression restrict the application of
these cell-free screening approaches.
In this study, to identify the role of N-linked glycosylation mod-
iﬁcation of a heavily glycosylated central nervous system speciﬁc
protein Lingo-1 [3–6], we establish a new residue-screening ap-chemical Societies. Published by E
an Lingo-1; PCR, polymerase
lenimine; LRR, leucine-rich-
ong@yahoo.com (X. Zhong).proach, which combines a mammalian high-throughput transient
expression system with a PCR-based linear expression cassette to
make in vivo residue screening feasible and efﬁcient. The approach
allows a rapid identiﬁcation of the minimal N-glycosylated aspar-
agine residues out of 10 putative residues for Lingo-1 [3–6], that
are adequate for its surface expression. The ﬁndings also reveal
some interesting structural features of Lingo-1-like leucine-rich-
repeat containing protein family.2. Materials and methods
2.1. PCR and DNA constructs
All PCR reactions were performed with KOD HiFi DNA Polymer-
ase kits (Cat# 71086-4, Novagen/EMD Biosciences, Madison, WI).
Based on our experience, the KOD HiFi is a high ﬁdelity thermosta-
ble polymerase that ampliﬁes DNA with accuracy and yield up to
6 kbp. To construct the pSMEGNE vector, the pSMEG vector, origi-
nated from the pED4 vector [7] with adenovirus major late pro-
moter replaced with murine cytomegalovirus (CMV) promoter,
were digested with EcoRI and NcoI to remove selection marker
gene, and ﬁlled in with Klenow Fragment (New England Biolabs
Inc., Ipswich, MA), and religated. To generate a secreted version
of human Lingo-1 (sLingo-1) as a substitute of surface expressed
Lingo-1, a PCR product encoding the extracellular portion of the
protein (residues 1–549, signal sequence 1–33) with a C-terminallsevier B.V. All rights reserved.
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site-free sLingo-1 (N105Q/N163Q/N225Q/N235Q/N254Q/N302Q/
N453Q/N466Q/N487Q/N503Q) was generated by multiple rounds
of PCR with overlapping PCR fragments encompassing correspond-
ing mutations as templates. The resulting PCR product was sub-
cloned into pSMEGNE (pWZ1088). All DNA constructs were
veriﬁed by sequencing.2.2. Cell culture and transient expression
Human Embryonic Kidney (HEK293-EBNA) cells were grown
in a humidiﬁed incubator with 5% CO2 at 37 C, and cultured in
FreeStyleTM 293 media (Cat#12338-018, Invitrogen, Carlsbad, CA)
supplemented with 5% fetal bovine serum (FBS). Transient
expression was performed in a 24-well-plate. For each transfec-
tion well, 500 ll of serum-free FreeStyleTM media was mixed with
polyethylenimine [25 kDa, linear, neutralized to pH 7.0 by
HCl,1 mg/ml, Polysciences (Warrington, PA)] and DNA (weight ra-
tio of 8:1) for 15 min. Then 500 ll of HEK293 cells in a density of
2  106/ml in FreeStyleTM 293 media with 5% FBS was added to
the well. The plate was incubated at 37 C in a shaker with a
rotation rate of 350 rpm for 72 h before harvest. Conditioned
media were separated by SDS–PAGE and immunoblotting was
performed with anti-his4 antibody (0.2 lg/ml, Cat#34670,
Qiagen, Valencia, CA). The level of protein signals were quantiﬁed
by densitometry. Peptide:N-Glycosidase F (PNGase F) and
Endoglycosidase H (Endo H) were purchased from New England
Biolabs, Inc. (Ipswich, MA). For deglycosylation, PNGase F or Endo
H was directly added to the puriﬁed sLingo-1 protein [6] at 25 C
for overnight (100 U PNGase F or Endo H/lg protein).Fig. 1. PCR-based high-throughput transient expression in suspension-grown
HEK293 cells. (A) Vector map for pSMEGNE. (B) Diagrams for PCR-based high-
throughput transient expression in suspension-growth HEK293 cells. (C) Optimiz-
ing PCR-based screening assay with sLingo-1 protein. PCR products (Pcmv and SV40
in panel B) were generated with template pWZ1179 as described in Section 2.
Different amounts of PCR reaction mixtures as indicated were transfected as
described in Section 2. The conditioned media were collected at 72 h and analyzed
by SDS–PAGE and immunoblotted with monoclonal anti-his4 antibodies. Lane 1 is
the conditioned media (CM) from the mock-transfected HEK293 cells. Lanes 2–5 are
CM from the HEK293 cells transfected with indicated amounts of the Pcmv PCR
products. Lanes 6–9 are CM from the HEK293 cells transfected with indicated
amounts of the SV40 PCR products.3. Results
3.1. PCR-based high-throughput transient expression in suspension-
grown HEK293 cells
Sykes and Johnston [8] reported that a non-covalently linked
PCR product, encompassing a eukaryotic promoter, coding se-
quence, and transcription terminator, can produce gene expression
in animals and cultured ﬁbroblasts with a gene gun biolistic deliv-
ery. They demonstrate that in vivo gene expression without a stan-
dard supercoiled plasmid is feasible. Yet the technology involves
cumbersome processes such as DNA fragment ligation and gel
puriﬁcation. Also, gene delivery and protein expression are not
appropriate for high-throughput analysis of protein structure and
function. To generate a rapid in vivo residue screening method
for studying N-glycosylation modiﬁcation of Lingo-1 protein, we
established a new PCR-based expression cassette and combined
it with a high-throughput transient expression in suspension-
grown HEK293 cells.
To improve the efﬁciency of the PCR-based expression element,
we took advantage of an efﬁcient expression cassette within a
newly constructed mammalian expression vector pSMEGNE
(Fig. 1A). The expression cassette utilizes a strong murine CMV
promoter, a 50 tripartite leader (TL) of late Ad2 mRNA for
promoting translation, a hybrid intron (HI) for efﬁcient mRNA pro-
cessing, and a 30 SV40 polyadenylation site for mRNA stabilization.
Additionally, an alternative version also includes an SV40 enhancer
sequence proximal to the CMV promoter to further increase the le-
vel of transcription. A simple PCR directly from the vector with the
cloned target gene (Fig. 1B) can quickly generate an efﬁcient linear
gene expression cassette. To eliminate any potential expression
from the template plasmid DNA, the PCR reaction mixture can be
subsequently treated withDpnI digestion, therefore circumventing the laborious gel
puriﬁcation.
To establish high-throughput expression screening, the tran-
sient gene expression was performed in a format of 24-well plates
(Fig. 1B). Gene delivery is through a low-cost yet efﬁcient poly-
ethylenimine (PEI)-mediated DNA transfection [9] as described in
Section 2. PCR expression cassettes are transfected into suspen-
sion-grown HEK293 cells, which grow to a higher density than
adherent cells, and thus produce signiﬁcantly more recombinant
protein. In order to test the new system, a secreted version of sur-
face neuroprotein Lingo-1 (sLingo-1) [6] was chosen as a model
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types of PCR expression cassettes were generated. One cassette
consists of CMV promoter, TL and HI elements, sLingo-1 gene,
and a polyadenylation site from the SV40 early region. The other
has an additional SV40 enhancer element upstream to the CMV
promoter.
PCR expression cassette reaction mixtures were directly trans-
fected into HEK293 cells, and titrated for protein expression
(Fig. 1C). With the transfection of 5 ll PCR reaction mixture (total
volume of 50 ll), sLingo-1 protein was detected in the conditioned
media 72 h after the transfection (lanes 2 and 6). The highest
expression was seen with 10 ll of the mixture (lanes 3 and 7),
while the expression decreased with more mixture used, possibly
due to the inhibition by a higher amount of free dNTPs. The titra-
tion experiments clearly indicate that the expression of PCR cas-
settes can be further improved by including an SV40 activator
element upstream to the CMV promoter, as more sLingo-1 protein
was produced with this cassette than with CMV promoter only
(Fig. 1C lanes 2–5 vs 6–9).
3.2. A quick identiﬁcation of minimal N-glycosylation sites of Lingo-1
sufﬁcient for surface expression by the new screening method
Human Lingo-1 protein is a cell surface glycoprotein involved in
central nervous system development and axonal growth [3–5]. Our
previous study [6] on structure and function of Lingo-1 generated
recombinant secreted full-length extracellular portion of Lingo-1
protein. We found that removing N-oligosaccharides with glyco-Fig. 2. PCR mutagenesis for the residue-screening assay. (A) Diagrams for the
mutagenesis scheme in the residue-screening assay. (B) Transient expression for
PCR cassettes encoding a single N-glycosylation mutant sLingo-1 as indicated. The
PCR expression cassette reaction mixture, encoding a single sLingo-1 mutant, was
generated as shown in panel A, and 10 ll of each such PCR mixture was transiently
transfected into HEK293 cells as shown in Fig. 1B and Section 2. The conditioned
media were collected at 72 h and analyzed by SDS–PAGE, and immunoblotted with
monoclonal anti-his4 antibodies.peptidases in vitro causes protein precipitations or aggregation
over a wide pH range, indicating that sugar modiﬁcation is essen-
tial. To understand the structure and function of Lingo-1 protein, it
is important to identify minimal N-linked glycosylation sites of
Lingo-1 that are sufﬁcient for its folding and surface expression.
Since there are ten putative N-linked sites in the extracellular do-Fig. 3. A quick identiﬁcation of minimal N-glycosylation sites of Lingo-1 sufﬁcient
for surface expression by the residue-screening method. (A) A screening strategy for
identifying the minimal N-glycosylated asparagine residues of sLingo-1. (B)
Transient expression for PCR cassettes encoding a single N-glycosylation site for
sLingo-1. The PCR expression cassette mixtures, encoding wild-type sLingo-1, N-
linked-free sLingo-1 mutant, or sLingo-1 with a single N-glycosylation site as
indicated, were generated as described in Fig. 2A and Section 2. Ten microliters of
each such PCR mixtures was transiently transfected into HEK293 cells as shown in
Fig. 1B and Section 2. Thirty microliters of the conditioned media were collected at
72 h and analyzed by SDS–PAGE, and immunoblotted with monoclonal anti-his4
antibodies. (C) The N254 and N302 are sufﬁcient for the secretion of sLingo-1. Ten
microliters of the PCR expression cassette mixtures, encoding N254/N302 sLingo-1,
the N-glycan-free, or wild-type sLingo-1, were transfected into HEK293 cells.
Conditioned media (CM) and cells were collected at 72 h and analyzed by
immunoblotting. Lanes 1–3 are CM from transfected cells. Samples (15 ll) were
loaded in lane 1, while 30 ll of the samples were loaded in lanes 2 and 3. Lanes 4–6
are the protein samples of the transfected cells (1  104 cells).
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would be a time-consuming effort, requiring the cloning and
DNA preparation of various constructs. The newly established
PCR-based residue-screening method has provided a useful tool
to address this problem.
The PCR expression cassettes encompassing a single Lingo-1
mutant eliminating one of the ten putative N-glycosylation sites
were generated by the mutagenesis strategy described in Fig. 2A.
In PCR round 1, two PCR fragments with the corresponding muta-
tions are generated. The wild-type DNA template was then de-
stroyed by DpnI digestion without involving gel puriﬁcation. The
two reaction mixtures with PCR fragments are directly used as
templates for PCR round 2 to generate the full-length expression
cassette. The PCR products were conﬁrmed by sequencing and
transfected into HEK293 cells. As shown in Fig. 2B, all 10 individual
N-linked mutants were expressed and secreted into the condi-
tioned media. The secretion of three N-linked mutants (N235Q,
N254Q, N302Q), which reside in the leucine-rich-repeat motifs, de-
creased signiﬁcantly (lanes 5–7).
To identify the minimal N-Linked glycosylation sites of Lingo-1
that support its surface expression, we used the screening strategy
shown in Fig. 3A. Firstly, anN-glycan free Lingo-1 constructwas gen-
erated by mutating all ten glycosylation sites. With this as a tem-
plate, each of the 10 putative N-linked sites was introduced back
to Lingo-1 protein individually by PCR as described in Fig. 2A. The
resulting PCR cassettes were expressed in HEK293 cells, along with
the wild-type and the N-glycan-free fragments. As shown in
Fig. 3B, the wild-type Lingo-1 was secreted (lane 12) but not the N-
linked-site-free Lingo-1 (lane 11), consistent with the biochemical
data that N-linked sugars are critical for the protein folding of Lin-
go-1. Introducing back any single N-glycosylation site cannot pro-
mote Lingo-1 secretion (lanes 1–4 and 7–10), except a weak
secretion of N254 (lane 5) and N302 (lane 6). We next tested the ef-
fect of adding both sites, and indeed, as shown in Fig. 3C, the Lingo-1
secretion from the N254/N302 PCR expression fragment is at a level
comparable to that of thewild-type fragment (lane 1 vs 3). The large
migration difference between wild-type (around 90 kDa) and the
N254/N302 (around 64 kDa) is likely due to the eight more putative
glycan modiﬁcations. Lanes 4–6 are cell pellets of transfected cells.
The detected species are intracellular sLingo-1 proteins. N-glycan
free sLingo-1 is expressed intracellularly (lane 5), although it is not
secreted (lane2). The additional protein band (38 kDa) in lane5, also
present in lanes 4 and 6, is likely an N-terminal degradation product
of sLingo-1, as the his6 tag is at the C-terminal end. Based on the data
in Fig. 3, we conclude that N254 andN302 are theminimal glycosyl-
ation sites that are sufﬁcient for the folding and the surface expres-
sion of Lingo-1.4. Discussion
This study utilizes a PCR-based residue-screening method for a
quick identiﬁcation of two key N-glycosylated asparagine residues
out of ten such residues of neuroglycopprotein Lingo-1 for its sur-
face expression. The new residue-screening system omits the steps
of DNA cloning and plasmid preparation, and use a mammalian cell
host, allowing the full range of post-translational modiﬁcations to
the target protein studied. The approach can be adapted to a high-
throughput capacity. A similar PCR-based linear expression strat-
egy may also be possible for other eukaryotic expression systems
such as insect cells.
In this study, the ﬁnding that N254 and N302 as the minimal
glycosylation sites for Lingo-1 reveals interesting structural fea-
tures of the leucine-rich-repeat (LRR) and IgI containing protein
family that Lingo-1 protein belongs to. Lingo-1 protein folds into
a two-module, kinked structure resembling a question mark [6].The N-terminal LRR module (residues 1–382) forms an elongated
deep arc, with a concave face consisting of 15 parallel b-stands.
N254 and N302 uniquely locate on the concave surface of this deep
arc-shape LRR structure (see Fig. 3B in [6]). They are the only two
such N-linked glycosylation sites, whereas all other N-linked sites
are located either at the side surface of the arc or at the kinked IgI1
module and the stalk region [6]. The glycan chains at N302 make a
direct polar interaction with residues of the Arg352 and Gln353 at
the b-bulge, likely stabilizing the folding and positioning of the
structure (see Fig. 4 in [6]). The carbohydrates at Asn254 face to-
ward the N-cap (residues 3–32) and ﬁll the void of the central cav-
ity. The ﬁnding clearly indicates that the modiﬁcations at these
sites have an important effect on the structure. Other deep-arc-
shape LRR structures such as human Toll like receptor TLR2 [10]
(see Fig. 1A in [10]) and TLR3 (see Fig. 1A in [11]) also have glyco-
sylation modiﬁcation at the concave face. Mutational analysis of
the glycosylation sites of TLR2 protein [10] produced results simi-
lar to our study of Lingo-1. Namely, the three N-glycans on the con-
cave surface of the b-barrel are required for proper folding and
secretion. TLR3 (see Fig. 1A in [11]) also has two N-glycans located
on the concave surface of the protein (N252 and N413) [11]. We
would now predict that N252 and N413 are part of the minimal
N-linked sites for the folding and surface expression of this recep-
tor. Experiments are needed to conﬁrm the prediction.
Besides the utilization for studying N-glycosylation of target
proteins, the newly established residue-screening method can
be used for identifying key residues for other post-translational
modiﬁcations such as phosphorylation, sulfation, and glycosyla-
tion. With detection readouts such as Elisa, the method could
be utilized to identify key residues for protein–protein interac-
tion, especially for surface receptor and ligand interaction. An-
other discipline that could beneﬁt from the extensive
mutational analysis is the studies of protein crystallization. Many
difﬁcult-to-crystallize target proteins require an extensive con-
struct screening to improve protein solubility and to reduce sur-
face entropy [12]. The method could be used as an initial ﬁlter for
the selection of prospective constructs for the future studies. It
would then be followed by the large-scale transient approach
[13,14], which allows the production of milligram quantities of
recombinant proteins within a few days. Ideally, the PCR-based
residue-screening system could narrow down a few constructs
for cloning and plasmid DNA preparation. The large-scale tran-
sient approach could then provide substantial protein materials
for puriﬁcation and biochemical characterization. The combina-
tion of the two expression strategies allows the utilization of a
mammalian-cell-based platform to address questions regarding
protein structure and function.
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